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THE MEASUREMENT OF AIR QUANTITIES AND
ENERGY LOSSES IN MINE ENTRIES
PART IV
INVESTIGATIONS IN TIMBERED ENTRIES
I. INTRODUCTION
1. Relation of Investigation to Previous Work.-Following the con-
clusion of the third season's work as reported in Part III* of the pres-
ent series, it was desired to extend the work along the lines previously
developed to include-some timbered entries, and, if possible, some
resistance zones in which the character of the timbering could be
changed at will. Two mines were visited in each of which the resist-
ances offered to the flow of air by timbered entry was measured, and
in one of which it was possible to modify the timbering under certain
conditions as described in the body of the report.
2. Acknowledgments.-The field work was in charge of the author
who was also responsible for the reduction of the field data and their
interpretation. MR. DAVID R. MITCHELL, Associate in Mining En-
gineering, and DR. P. C. Hsu assisted in the field work.
The courtesy of the Matthiessen and Hegeler Zinc Company in
permitting this work to be done at their coal mine at LaSalle, Illinois,
and of the Sunlight Coal Company in encouraging and facilitating
the work at their mine at Verona, Illinois, is gratefully acknowledged.
Special mention should be made of the interest and splendid coiper-
ation of MR. E. J. WEIMER, superintendent of the Verona Mine.
The investigation was carried on under a co6perative agreement
between the Engineering Experiment Station of the University of
Illinois and the Illinois State Geological Survey, and has been a part
of the regular work of the Engineering Experiment Station of which
DEAN MILO S. KETCHUM is the director, and of the Department of
Mining Engineering of which PROF. ALFRED C. CALLEN is the head.
II. WORK AT THE MATTHIESSEN AND HEGELER MINE
3. Description of Aircourse.-This mine is ventilated by a
Sirocco Number 12, six-by-two-foot centrifugal blowing fan, elec-
trically driven at about 390 r.p.m. The water gage of the mine is
nearly six inches. The shaft is 310 feet deep and the air compartment
*Bulletin 184.
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is 8 by 8 feet in cross-section. There is no sump at the shaft bottom.
All the air, save of course the leakage, makes an abrupt vertical right-
angled bend into the single main aircourse.
From the shaft the aircourse is nearly straight for about 50 feet,
then it deflects about 15 or 20 degrees to the left, whence it is again
virtually straight for another 150 feet, to a junction with a cross-entry
to the left which the air current follows, the main entry being closed
with doors farther inbye. These features are shown in Fig. 1, which
also shows all of the timber sets, the cross-section diagrams, the roof
and floor profiles and area and perimeter curves, both inside and out-
side of the timbers. The cross-sections were located, in general, by
taking one between two adjacent timber sets, then one in the down-
stream set of the two. The next-inter-timber space was skipped, then
the process repeated, giving, where carried out ideally, a cross-section
for every alternate space and timber set.
The entry was supported with three-piece sets of 6- to 8-inch tim-
ber. Most of the cross-bars were square in cross-section, while the
props were usually round. The spacing of the sets, while very irreg-
ular, averaged about 3 feet on centers. The ribs were thoroughly
lagged with either round or square posts, save for some short, irregu-
larly spaced, lengths of pack wall which stood close against the props
in most cases, and were reasonably smooth. Very few timbers were
broken, and there were only one or two abrupt irregularities in the
inside cross-section of the entry, which still had some track in it.
No evidence of the location of former cross-cuts was found nor
could any leakage out of the entry be detected, although it is possible
that some took place through the lagging and gobbed walls into old
workings. This possibility was ignored in the computations, it being
assumed that the same quantity flowed through all cross-sections in
question.
4. Subdivision of Entry.-The upstream static section, A 1,
(Fig. 1) was put at the bend in the entry about 50 feet from the shaft
to include the maximum length of straight entry below this point.
The traverse section A2 was put in a timber set as near the down-
stream bend as practicable, and a lower static section A3 to include
the straightaway at 1 + 90 just above the bend. The bend itself was
included between sections A3 and B1 (Fig. 1), the instrument station
being located farther inbye along the straight entry.
5. Quantity Measurements.-Quantities were determined by the
method of subsectional pitot-tube traversing previously employed.*
*See Bulletins 158, 170, and 184.
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FIG. 2. LOOKING DOWNSTREAM THROUGH SECTION A,, MATTHIESSEN
AND HEGELER MINE
All the traversing in this mine was done at section A2, the outlines and
method of subdivision of which are shown in Fig. 2. The scheme of
alternating the number of points in successive tiers from four to three
was an unusual one, adopted as a means of approaching the periphery
of the section as closely as possible with a moderate number of
points (18), still retaining a reasonably uniform distribution of points
throughout the section. It was planned later to increase the number
of traverse points on the usual gridiron pattern to perhaps 25, to give
a comparison between results obtained by the two methods, but cir-
cumstances prevented this extension of the work.
Eleven traverses were made at this section, at quantities ranging
from 20 000 to 68 000 cubic feet per minute, six determinations of the
normal quantity giving very consistent results averaging 45 400
cubic feet per minute. Some men were working in the mine, although
no coal was being hoisted, while the normal-quantity traversing was
in progress. Quantities less than normal were obtained by running a
small auxiliary high-speed centrifugal fan driven by a steam turbine
ILLINOIS ENGINEERING EXPERIMENT STATION
I 'I I LII1 1
Ce/,/er e/oic/4y Pressure in2 /n'ches o/" 14&/er'
FIG. 3. RELATION OF QUANTITY TO CENTER VELOCITY PRESSURE,
SECTION A 2
in place of the regular fan, and the one quantity higher than normal
by opening the doors in the straight entry just inbye the instrument
station, thereby shortening the airflow into the return aircourses.
The relationship between quantity and net center velocity pressure
is shown in Fig. 3 where quantity, plotted logarithmically against net
center velocity pressure, is represented by a curve of slight upward
concavity, its slope being nearly one-half, as is to be expected from
the fact that the velocity at a point is proportional to the square root
(or one-half power) of the velocity pressure.
6. Isovels.-An isovel diagram was drawn for each traverse of the
season's work. Those for section As were all of the centered bull's-
eye type, being much alike in appearance irrespective of the quantity.
A diagram representing normal conditions is shown in Fig. 4. In all
of the isovel diagrams for this section there is a low velocity area
about the lower half of the vertical center line which is much more
marked in some of the diagrams than in Fig. 4. It is possibly due to
the presence of the center pitot tube supporting stand just a few
inches downstream from the traverse section. A similar condition
was noted in previous work,* although the evidence at that time
tended to show that the effect was not produced by the stand.
*See Bulletin 170, page 61.
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FIG. 4. ISOVEL DIAGRAM, NORMAL QUANTITY, SECTION As
7. Pressure and Energy Losses.-Differential static pressure read-
ings were taken between cross-sections Ai, A2, A3, and BI established
for this purpose during each of the 11 traverses at section A2, and
pressure and energy losses for the appropriate portions of the entry
and quantity of airflow computed therefrom. Contrary to the pre-
vious season's experience* there was relatively little disagreement be-
tween the sum of the static pressure drops in consecutive resistance
lengths and the observed static pressure drop for the corresponding
overall length throughout this season's work, so only slight adjust-
ments were necessary to make the data meet this obviously necessary
condition.
The principal resistance unit studied was A1 -A 2 which is straight
and 125.5 feet in length. Nine pressure loss determinations were
made at quantities of from 20 000 to 68 000 cubic feet per minute;
one quantity determination was based on center velocity pressure
readings only, the quantity being read from Fig. 3. Of equal impof-
tance, and almost identical with A1-A 2, is A1-A 3 which, of course,
includes A1-A 2 (see Fig. 1) but is 141.0 feet long. Seven pressure loss
determinations were made for this unit, two being dependent on
center velocity pressure readings only for the quantity.
*See Bulletin 184, page 24.
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The presentation of the results of the static pressure drop measure-
ments is a matter of no little difficulty. In the past* the energy loss
has been plotted logarithmically against the quantity and could
generally be represented by a straight line for a given resistance zone.
This is equally true for the present data, but the objection to that
manner of presentation is that the results for one zone are not readily
comparable with those of another zone, at like quantities, unless the
slopes of the two lines happen to be the same, which is unlikely. The
advantages of logarithmic plotting are that it not only gives the re-
sults clearly and compactly but also permits the formulation of a
simple empirical algebraic relationship between the energy losses and
quantity or velocity as desired.
Since the customary ventilation factor k involves both the static
pressure drop and the quantity, it might be thought sufficient to cal-
culate k and ignore the energy losses, but grave difficulties enter here
for timbered entries as will appear in the discussion to follow. It will
be recalled that the standard ventilation formula is
R = 5.2ia = kloV 2  (1)
whence
5.2ia (2)k = -- (2)loV 2
which, substituting -q for V, becomes
a
k 5.2ia 3  (3)
loq2
where
R = resistance to flow, in pounds per square foot.
i = total pressure loss in inches of water.
a = mean cross-sectional area of resistance zone in square
feet.
1 = length in feet.
o = mean perimeter in feet.
q = quantity of air flowing in cubic feet per minute.
, While the standard formula, R = kloV 2 may have some virtue as
an approximate relation between resistance to flow and the velocity
of the air in ducts which are comparatively uniform in cross-section,
it becomes quite meaningless in timbered entries or other entries in
which the cross-section changes frequently and abruptly, for it is
*See Bulletins 170 and 184.
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manifestly impossible to evaluate a and o for the calculation of k from
formula (3) above. Indeed these two parameters (a = mean cross-
sectional area, o = mean perimeter) cease to have physical meaning
where the cross-sectional area of the entry is reduced precipitately by
about 15 to 25 per cent at the upstream edge of a timber set and
suddenly increased by a like amount at the downstream edge of the
set. Obviously, it is impossible to say what the effective cross-section
at a given point is, in so far as airflow is concerned, under such in-
ordinately varied conditions. However, in lieu of any more rational
means of expressing and interpreting the data, the development of
which would seem to await further theoretical treatment and labora-
tory research, and in view of the extent to which k has become embed-
ded in the literature of mine ventilation and in the minds of numerous
investigators it is used as an arbitrary means of expressing the results
of the present investigation.
To obviate the necessity of attempting to derive true mean cross-
sectional areas a and perimeters o for substitution in formula (3) k is
computed on two different bases, using the average dimensions out-
side the timbers for the "overall" k and those inside the timber sets
for the "clear" k,. The true value, if such can be conceived, pre-
sumably lies somewhere between these two extremes.
It is evident from formula (3) that for a given quantity a larger k
is to be expected when computed on the overall dimensions than on
the clear dimensions, because k is directly proportional to a 3 and in-
versely proportional to o so that an increase in cross-section, which in
itself involves a relatively greater increase in a than in o, leads to a
decided increase in k. These relationships are brought out in Table 1.
From the standpoint of the physical conditions connoted by values
of k it would appear more logical to compute it on the basis of overall
dimensions. It is possible, for example, for a stretch of untimbered
entry with rather rough ribs to have a k of about 75 X 10-10. If we
now timber this entry with 3-piece timber sets it might easily have a
k of 150 X 10- 1 , based on overall dimensions. This is logical, for
evidently the physical roughness has been greatly increased by
timbering. However, if k were computed on the basis of the clear
cross-section, it would have a value of perhaps 60 X 10- 10, which fails
to convey a correct physical conception of the roughness of the tim-
bered entry when comparing it with k = 75 X 10- 1° for the un-
timbered entry.
In the longer straight units (A1-A 2 and A1-A3 ) k averages roughly
150 X 10-10 on the basis of overall dimensions and about 90 X 10- 10
based on the clear dimensions. The latter value is 10 per cent less
12 ILLINOIS ENGINEERING EXPERIMENT STATION
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FIG. 5. ENERGY Loss vs. QUANTITY, MATTHIESSEN AND HEGELER MINE
than that reported by the Bureau of Mines* for an entry having three-
piece timber sets of half-round material, on 5-foot centers, the Bureau
of Mines ket being virtually 100 X 10- 10, while with 10-foot centers
they got a kc of about 80 X 10-10 or less.t
While it may be questioned whether the physical conditions of the
test entries at these two mines were sufficiently similar to permit a
comparison of the effect of spacing on kc, it may be remarked in
passing that laboratory investigation by Dr. P. C. Hsu§ has shown
that there is a certain spacing for a given size of timber set that will
*Greenwald and McElroy, "Coal Mine Ventilation Factors," United States Bureau of Mines
Bulletin 285, p. 45, 1929.
tIn this bulletin k. will always be used to represent the value computed for the "clear" dimensions.
tOp. cit., p. 47.
§Unpublished thesis for the doctorate, University of Illinois. 1928.
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TABLE 2
NET LOSSES DUE TO 70 DEG. BEND AND DEAD END, MATTHIESSEN AND
HEGELER MINE
1. Energy loss (ft. lb. per min. per 100 ft.) straight entry (Ai-A 2
and Ai-As)*.. ...................................
2. Energy loss (ft. lb. per min.) bend zone, (As-B1)*...........
3. Energy loss (ft. lb. per min. per 32.0t ft.) straight entry
( X line ) ........................ ............
4. Net energy loss due to bend (ft. lb. per min.) (2) - (3) . . . . .
5. Equivalent length of bend (ft.) (4) X 100...............
6. Total pressure loss (in. water per 100 feet) straight entry (Al-
A 2 and Ai-A a)*5 .........................................
7. Total pressure loss (in. of water per 32.0 ft.) straight entry
3( X line 6) ....................................
8. Total pressure loss in. of water bend zone* ................ .
9. Net total pressure loss due to bend (in. of water) (8) - (7)...
10. Mean cross-sectional area bend zone (sq. ft.)......... overall
clear
11. Mean velocity (Vm, in ft. per min.).... ......... overall
clear
12. Velocity pressure of Vm (in. of water)............... overall
clear
13. Ratio net total pressure loss due to bend to velocity pressure
(9 ............................ ...... . overall(12) clear
Quantity
(cu. ft. per min.)
20 000
3 100
1 570
990
580
18.7
0.030
0.0096
0.0155
0.0059
80.6
60.6
248
330
0.0038
0.0068
1.6
0.87
40 000
25 400
13 400
8 130
5 270
20.8
0.128
0.0410
0.067
0.026
80.6
60.6
496
661
0.015
0.027
1.7
0.96
60 000
77 000
46 000
24 650
21 350
27.7
0.262
0.0840
0.1431
0.059
80.6
60.6
744
991
0.035
0.061
1.7
0.97
*From Fig. 5.
tLength along center line of As-Bi.
IBy uncertain extrapolation.
produce a maximum value of k or ko, and that closer spacing will
lower the friction factor.
To permit a deduction of the net energy loss due to the presence
of the 70 deg. bend, dead end, and other irregularities between sec-
tions A3 and BI, the energy losses in the straight (A1-A3 and A1-A 2)
and bend (A3-Bi) zones were plotted logarithmically against quantity
in Fig. 5. By the interpolation of values from the two representative
energy loss lines the calculation of the net energy loss due to the bend
and other relations, at three assumed quantities, was carried out as
shown in Table 2, which shows that the net bend-dead-end losses are
equivalent to those of only about 15 feet of straight entry. This
equivalent length apparently decreases with increasing quantity.
The table also shows that the net loss is about 1.6 times the mean
velocity pressure as calculated from the overall dimensions, and about
0.9 times the mean velocity pressure as calculated from the clear
0+675 I+-3.6
/+75 *+00a
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oo0+50
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dimensions. At like mean velocities (300 to 900 feet per minute) in
an untimbered entry, the United States Bureau of Mines* found
losses due to a right-angle bend with dead end to be 1.4 times the
velocity pressure, a fair agreement with present findings, where the
mean velocity pressure is derived from the overall dimensions.
However, since the physical conditions of the two bend units are
quite unlike, one being a right-angle bend in an untimbered entry,
the other being a 70 deg. bend in a timbered entry, both having dead
ends, it is probable that the approximate agreement in this item is
largely accidental.
III. VERONA MINE BEFORE ALTERATION
8. Description.-The Verona mine is a small, room-and-pillar
shipping mine, located a short distance northeast of Verona, Grundy
County, and operated by the Sunlight Coal Company. The airshaft
is about 100 feet deep. The mine is ventilated by an electrically-
driven centrifugal blowing fan operating at 200 r.p.m. At the bottom
of the downcast shaft the air is split into two currents, the major
portion of the total quantity going into the west aircourse, where
most of the season's work was done, the remainder going into the
east aircourse, which was regulated. These features are shown in
Fig. 6, which gives the plan, roof and floor profiles, and cross-sectional
characteristics of the aircourses adjacent to the shaft. The marked
irregularity in plan, height, and in cross-sectional shape and area are
evident from a glance at this figure.
West of the shaft, the aircourse is heavily timbered for a few feet
with three-piece sets. These are followed by a series of four-piece
sets, a center prop being added to the usual three-piece set where the
entry is unusually wide. They continue for about 30 feet, then give
way to a long series of irregularly-spaced three-piece sets, made up
for the most part of 6- to 10-in. round timbers. The location of each
set is shown in Fig. 6. The extent of the irregularities of outline of
the entry are indicated by the plan and profiles of this figure, and the
resultant cross-sectional areas and perimeters are shown in the lower
curves. The same general scheme for locating cross-sections was
followed here as at the Matthiessen and Hegeler mine.
The map is almost self-explanatory. Two roof profiles are carried,
one for the non-timbered sections, and one for the elevations of the
bottom of the cross-bar near the middle of the entry in the timbered
cross-section. The former may be regarded as the overall roof profile,
*Op. cit., p. 68.
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FIG. 7. LOOKING UPSTREAM THROUGH SECTION C., VERONA MINE
and the latter as the clear roof profile. The areas of the cross-sections
represented by the upper roof profile (non-timbered sections) are
shown on the uppermost area curve in the lower part of the figure.
With this curve is more or less closely associated a group of points
representing the overall area of the timbered sections, for, as will be
seen from the cross-sectional diagrams, each of these cross-sections
was completely mapped, showing not only the clear area, but also
the timber set and entry outlines as well. The area curve corre-
sponding to the lower roof profile (clear area of timbered sections) lies
well below the upper curve, indicating a relatively large difference in
the overall and clear cross-sectional areas. The upper and lower
perimeter curves have relations to the upper and lower roof profiles
with respect to cross-sectional perimeter, analogous to those of the
upper and lower area curves to the roof profiles.
As to the grosser features of this aircourse, there is an open cross-
cut to the right (looking downstream) at 0 + 30 (stationing from the
center line of the shaft) which communicates with the east split
outbye the regulator. At about 1 + 05 is an old cross-entry which
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communicates to the right through double doors (having, of course,
some leakage) with the main bottom. To the left it is sealed with a
concrete stopping about 40 feet from the aircourse. The instrument
station was located in this chamber just off the aircourse (Fig. 6).
The companion cross-entry is found at 1 + 33, but it is completely
gobbed up on the right, the left side being sealed like the left portion
of the outbye cross-entry, just described. No leakage was detected
through these seals. All former cross-cuts along this entry had been
completely gobbed to the rib line of the aircourse, so that their exist-
ence was scarcely noticeable. At one of these, near the undercast,
there was known to be a little leakage into the motor barn, and there
were probably similar slight leakages elsewhere which were not de-
tected. At 3 + 51 a concrete undercast is encountered, which has
abrupt approach and departure. The effect on the entry configura-
tion is very marked, as is evident from Fig. 6. Leakage at the un-
dercast seemed to be negligible. Immediately following this troubled
zone a 90-deg. bend is turned to the left. There is a little leakage
at the stopping to the right. After the bend, the entry continues on
to the south, but no work was done in that region.
Going east from the airshaft, there is a marked drop in the roof
height for about 5 feet resulting in sharp decreases in cross-sectional
area and perimeter which is soon followed by a widening of the entry
which greatly increases both area and perimeter, as shown by the
respective curves (Fig. 6). Only two timber sets are present in this
portion of the entry, with what amounts to two regulators, the up-
stream one having a small 5 x 3.5-ft. sliding man door, the down-
stream one, which really controls the airflow, having an opening
2.4 ft. high by 2.8 ft. wide.
9. Subdivision.-The first pressure-reading cross-section estab-
lished was in the west aircourse at 0 + 67.5. The upstream static
section C 1 was placed here, in a timber set, as it was thought this was
as far upstream as could safely be gone without encountering the
effect of the constriction beginning at about 0 + 40. Section C2, the
traverse section, was placed in a former regulator frame at 1 + 23.6
to get the possible benefit of the reduced cross-sectional area, and the
greater regularity of outline, and to be reasonably near the instru-
ment station. Section C3, an intermediate static section, is in a tim-
ber set at 2 + 60.4, and C 4, the upstream section of the undercast
unit C4-C 5 is similarly situated at 3 + 26.0, C 5 being on the other
side of the undercast at 3 + 85.7. All the static sections were arbi-
trarily placed in timber sets for the sake of uniformity. Whether or
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FIG. 8. IsovEL DIAGRAM, NORMAL QUANTITY, SECTION C2
not this is preferable to placing them between timbers cannot be said
at present, as no tests were run with this point specifically in mind.
10. Quantity Measurements.-The outlines of section C2 and the
manner in which it was subdivided into 16 subsections are shown in
Fig. 8, which also shows the isovel distribution for a traverse made
with normal airflow when the mine was idle. Twelve traverses were
made at this section at quantities ranging from less than 14 000 to
more than 38 000 cubic feet per minute. Since the fan could be driven
at only one speed it was necessary to change the airflow by the use
of auxiliary regulators, opening of doors, etc. The quantity through
section C 2 was reduced by using a canvas regulator between it and the
airshaft at about 0 + 40 and increased by closing the regulator east of
the shaft and/or opening a small man door leading to the main return
at the undercast. This was done, of course, only when the mine was
idle. Six pairs of successive duplicate traverses were run, covering
virtually a three-fold range in quantity. No two duplicate traverses
differed from each other in quantity by as much as 4 per cent of their
mean.
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FIG. 9. RELATION OF QUANTITY TO CENTER VELOCITY PRESSURE,
SECTIONS C 2 AND D,
The relation of quantity to center velocity pressure at section C 2
is shown in Fig. 9 where the quantity is plotted logarithmically
against net center velocity pressure. Like the corresponding curve
for section As at the Matthiessen and Hegeler mine (Fig. 3) this curve
is slightly concave upward.
11. Isovels.-At the higher quantities all of the isovel diagrams
(see Fig. 8) are of the same type, giving the effect of an eccentric
elliptical bull's-eye with major axis inclined down to the right and the
high velocity node to the left of the center (looking upstream).
In each one there is an anomalous "island" of high velocity in the
upper right corner (subsection m) sometimes separated from equally
high velocities near the center of the section by a band of lower ve-
locities. Since the quantities represented by isovel diagrams like
Fig. 8 range from 18 500 to 38 200 cubic feet per minute, the uniform-
ity in their appearance indicates a constancy in airflow distribution
throughout this two-fold range in quantity. However, for two
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FIG. 10. ISOVIEL DIAGRAM, Low QUANTITY, SECTION C,
Wahlen gage traverses run at a little less than 14 000 cubic feet per
minute, there was apparently an entirely different velocity distribu-
tion (Fig. 10), essentially vertical in its alignment, and seemingly
unrelated to the other distribution, save that the maximum velocities
are found to the left of the center. This marked change may or may
not have been gradual between about 14 000 cubic feet per minute,
the quantity represented by Fig. 10, and 18 500 cubic feet per minute,
the minimum quantity represented by Fig. 8, but if some such
change took place at all of the cross-sections along the aircourse
simultaneously one might expect a radical change in the pressure and
energy losses as a result of such a marked internal readjustment in
airflow.
12. Pressure and Energy Losses.-The principal resistance zone
under investigation at this stage of the work was C 1-C 4 (Fig. 6),
258.5 feet in length. Five static pressure drop determinations were
made for this unit at quantities ranging from 18 500 to 38 200 cubic
feet per minute. On the overall basis k averaged (246 ± 2.6) X 10-10
and on the clear basis (92.6 ± 0.94) X 10- 10.
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TABLE 3
VALUES OF k FOR STRAIGHT ZONES, VERONA MINE BEFORE ALTERATION
Mean Cross-sec-
tional Area
L t h.n. sq. ft. k* * Mk N Detr-.
Zones
C i-C 2 . . . . . . . . . . . . . . . ...l-C 3 ..................
C l-C ......
. . . . . . . . . . . .Cs-C s..................
C s-C 4 
. . . . . . . . . . . . . . .
...
C ,-C 4 . . . . . . . . . . . . . . . . . .
ft.
56.1
192.9
258.5
136.8
202.4
65.6
overall
54.6
53.6
53.9
53.4
53.7
54.6
I overall clear
clear
37.8 .262 113
35.5 261±4.5 98.8±1.4
35.5 246±2.3 92.6±0.84
34.5 236±2.3 82.9±0.81
34.9 231±5.0 82.4±1.6
35.8 239±1.9 88.3+0.62
minations
2
3
5
6
5
3
*In units of 1 X 10- 1 0
Next in importance among the resistance zones was C 2-C 3 (Fig. 6)
which was 136.8 feet long, and without the expansion at the instru-
ment station which CI-C 4 contained. Six static pressure drop deter-
minations were made for this zone at quantities between 13 800 and
38 200. The overall k is (236 ± 2.5) X 10-10 and the clear kc is
(82.9 + 0.89) X 10- 10. Both values are about 10 points lower than
the corresponding values for CI-C3.
For C2-C 4, 202.4 feet in length, the respective values of k on
overall and clear bases are (231 + 5.5) X 10- 10 and (82.4 ± 1.8) X
10-10, respectively, showing higher probable errors than values pre-
viously given, due to wider variations from test to test. This may be
due, in part, to the fact that in three out of the five determinations
the quantity was based on center velocity pressure readings only.
These results and those of some additional determinations are
given in Table 3. The table shows that, on the whole, zones includ-
ing the instrument station expansion (Ci-zones) have higher values of
k than the downstream units which do not contain such an irregular-
ity. It seems probable that the higher resistance which causes the
increase in k for the Ci-units is due primarily to this expansion, al-
though this is by no means a certainty, as many less apparent differ-
ences between the various units may have been the cause. Compari-
son of the data of Table 3 with the corresponding data for the Matthi-
essen and Hegeler mine brings out strikingly the fact that while k on
the clear basis is in essential agreement for the two mines, as is to be
expected in view of the similarity of the two aircourses, on the overall
basis k for the Verona mine is roughly 50 per cent greater than for the
Matthiessen and Hegeler entries. This probably expresses the greater
relative roughness of the Verona entry, the ratio of its overall to clear
eng e
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BEFORE ALTERATION
mean area being about 112 as compared with 11y for the Matthiessen
and Hegeler entry.
The energy losses in the undercast zone C 4-C 5, and in a straight
zone, C 2-C 4, are shown in Fig. 11. An analysis of the net undercast
losses is made in Table 4, which shows the net energy loss incident to
the presence of the undercast to be equal to that of roughly 40 to
'50 feet of entry of the type represented by C2-C 4.
IV. VERONA MINE AFTER ALTERATION
13. Nature of Alterations.-At this mine it was possible to improve
portions of the aircourses on each side of the shaft, and later to
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TABLE 4
ENERGY LOSSES AT UNDERCAST, VERONA MINE
Energy losses are in ft. lb. per min.
Quantity
cu. ft. per min.
20 000 25 000
1. Energy loss, C4-Cs, from Fig. 11................. ................ . 3 800 6 800
2. Energy loss in straight entry, C2-C4, from Fig. 11 ..................... 7 100 14 200
3. Energy loss per foot of straight entry like C
-
C4. Values of line 2 - length
of Cr-pc = (202.4 ft.).............................................. 35 70
4. Energy loss per 59.7 feet* of straight entry ( = 59.7 X line 3) ............ 2 100 4 200
5. Net energy loss due to undercast (line 1 - line 4)...................... 1 700 2 600
6. Equivalent length of undercast (ft.) line 5 - line 3..................... 49 37
*Length of C4-C5.
introduce temporary timbering in varied arrangements in the west
aircourse. Here the alteration consisted in a realignment of timber
sets for about 170 feet below the instrument station. Following
this the top and sides inside the timber sets were tightly sheathed over
with 1 x 6-in. shiplap lumber, making a smooth surfaced airway over
150 feet in length. It is shown in plan and profile with appropriate
area and perimeter curves in Fig. 12. It is evident from the cross-
section diagrams and the areagraph that the cross-section was by no
means uniform, ranging from 26 square feet at 1 + 60 to 38 square
feet, nearly a 50 per cent increase, at 2 + 30, with numerous other
minor fluctuations. However, variations in this item were obviously
much less severe and abrupt than before the entry was sheathed.
Cross-sections were measured every 10 feet along the sheathed zone
and at such intermediate points as seemed desirable, permanent
pressure cross-sections being located at 1 + 30 (D 1 static section),
1 + 43.4 (D2 traverse section), and 2 + 60 (D3 static section) (see
Fig. 12).
On the east side similar sheathing was installed just adjacent to
the shaft, from 0 + 04.5 to the timber set at 0 + 14.3. As can be
seen from the cross-section diagrams, this entry was extremely irreg-
ular in cross-sectional area and shape, being high and narrow at the
shaft, nearly square at 0 + 11, and low but wide beyond 0 + 15.
Three pressure sections were located in this aircourse, all of them
rather unfavorably situated it is true, but unavoidably so due to the
distortion of the entry. Traverse section E1 is in the sheathed zone
at 0 + 12, traverse section E 2 is the door opening at 0 + 22.5, and
static section E3 is at 0 + 48.6 just outbye a split (see Fig. 6).
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Fia. 13. LOOKING DOWNSTREAM THROUGH UNTIMBERED SHEATHING, VERONA
MINE AFTER ALTERATION
14. Quantity Measurements.-The principal traverse section in
the west aircourse was section D2, where 25 traverses were made, the
maximum air quantity being 37 000 and the minimum 12 300 cubic
feet per minute. Detailed results are given in Table 5. The outlines
of section D2 and its manner of sub-division are shown in Figs. 14 to
16, inclusive. Sixteen traverse points were used in all except the last
pair of traverses, in which 25 points were used. The logarithmic
relation of quantity to center velocity pressure is shown in Fig. 9.
It is represented by a curve of slight upward concavity like the cor-
responding curves for sections A2 at the Matthiessen and Hegeler
mine (Fig. 3) and C2 at the Verona mine.
The results of tentative field quantity calculations were regarded
with some doubt following the first few traverses at section D2 with
normal airflow, as they indicated a lesser quantity through the
sheathed zone than had existed in the aircourse under normal con-
ditions before the alteration. However, examination of the final
data shows that the four normal traverses at section C2 averaged
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FIG. 14. ISOVEL DIAGRAM, HIGH QUANTITY, TRAVERSE 2 D2,
VERONA MINE AFTER ALTERATION
23 800 ± 560 cubic feet per minute, while the ten normal traverses
run at section D, with the entry unobstructed averaged 23 300 ± 190
cubic feet per minute, a little lower amount it is true, but the differ-
ence (500 cubic feet per minute) is obviously not a significant one, as
it is less than the probable error in the average quantity at section C 2.
Hence, so far as can be judged from the data at hand the alteration
did not appreciably affect the quantity of flow. Neither did the plac-
ing of 33 three-piece timber sets in the sheathed zone below section
D 2 affect the quantity, as judged from the results of the two duplicate
traverses (21 and 22 D2) run with the timbers in place, which gave
quantities of 23 000 and 22 900 cubic feet per minute, respectively (see
Table 5).
Eight pairs of duplicate traverses were run at section D 2, this
term being applied to two immediately consecutive traverses run with
the same air coursing but .with different observers and gages. The
average quantities and per cent differences are shown in Table 5.
Only one pair of duplicate traverses (4 and 5) show a high relative
difference (7.4 per cent of the mean). While traverse 4 was made
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FIG. 15. ISOVEL DIAGRAM, NORMAL QUANTITY, TRAVERSE 25 D2 ,
VERONA MINE AFTER ALTERATION
with the Wahlen gage and traverse 5 with the Ellison gage, which
might account for the discrepancy, there is a decided difference in
net center velocity pressures (0.028 against 0.022 in. of water) in the
two traverses, indicating an actual change in airflow due to some ex-
traneous cause beyond experimental control.
Three pairs of interlocking Ellison-Wahlen traverses were run, all
having relative differences greater than two per cent of the mean
quantity. The scheme followed in traversing was to set the pitot tube
at a given traverse point and read the velocity pressure on, say, the
Ellison gage, then transfer the connections to the Wahlen gage, leav-
ing the pitot tube undisturbed. After the velocity pressure had been
read on the Wahlen gage the pitot tube was moved to the next tra-
verse point, leaving the connections unchanged, and the new velocity
pressure then read on the Wahlen gage. Finally the connections were
changed to the Ellison gage and the process repeated. Thus two
complete sets of velocity pressure readings were obtained for each
traverse, and the quantities computed independently, with the results
shown in Table 5.
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FIG. 16. ISOVEL DIAGRAM, Low QUANTITY, TRAVERSE 9 D2,
VERONA MINE AFTER ALTERATION
P The first of these traverses gave a Wahlen quantity of 18 600 and
an Ellison quantity of 18 100 cubic feet per minute, the two values
differing from each other by 1.4 per cent of the mean quantity
(18 350 cubic feet per minute). An examination of the Ellison and
Wahlen velocities for each subsection shows that the Ellison velocities
are, on the whole, clearly lower than the corresponding Wahlen ve-
locities, the difference averaging 14 feet per minute.
Traverses 17 and 18 D 2 were duplicate interlocking traverses in
which the two Ellison quantities (14 100 and 14 400 cubic feet per
minute) averaged 14 250 cubic feet per minute, considerably higher
than the two Wahlen quantities (13 400 and 13 200 cubic feet per
minute), which averaged 13 300 cubic feet per minute. Again, ex-
amination of the subsectional velocities shows that there was a con-
sistent and substantial difference between the two gage results for a
given velocity, the Ellison gage this time giving higher velocities in
30 out of the 32 cases, rather than lower velocities as before. This is
obviously a condition which can hardly be attributed to changes in
airflow in view of the alternation in the use of the two gages. Since
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TABLE 6
SIMULTANEOUS TRAVERSES, VERONA MINE AFTER ALTERATION
Normal airflow, mine working
(1)
Date
(1928)
Aug. 2 .......
Aug. 7 .......
Aug. 11 .......
Aug. 11 .......
Aug. 11 .......
(2)
Upstream
Section
D 2 (1+43.4)
D2(1+43.4)
1+20
1+60
1+80
(3)
Downstream
Section
D3(2 +60)
Da(2 +60)
2+40
2+20
2+00
(4)
Upstream Q
cu. ft.
per min.
21 900
23 300
23 300
22 200
23 600
(5)
Down-
stream Q
cu. ft.
per mmin.
20 600
21 900
22 500
23 300
23 300
(6)
Diff.
(4)-(5)
cu. ft.
per min.
1 300
1 400
800
-1 100
300
(7)
Net Cen.
Vel. Press.
Section D2
in. of water
0.036
0.038
0.042
0.040
0.041
the same pitot tube and heavy connecting tube were used for both
gages, it appears that the difference arose at the gages, due to a
temporary lack of correspondence in the gage readings at like pres-
sures.
Five pairs of simultaneous traverses were made at different sec-
tions in the sheathed zone, as shown in Table 6. Each pair of these
traverses was run by setting a pitot tube at corresponding traverse
points in each of two traverse sections, and reading the two velocity
pressures in immediate succession before moving the pitot tubes to
the next traverse point. In four of the five pairs of traverses there is
a larger upstream quantity than downstream which is not an un-
reasonable result in view of possible leakage out of the entry, but the
traverse at 1 + 60 gave an appreciably lower quantity (22 200 cubic
feet per minute) than that taken simultaneously at 2 + 20, 60 feet
farther downstream (quantity = 23 300 cubic feet per minute). This
result would at first thought seem to point only to error in the results,
as leakage of air back into the entry between the two sections would
apparently be out of the question, until the plotted results shown in
Fig. 12 are considered. Here it is seen that traverse station 1 + 60 is
at the most restricted portion of the entry, and it may be possible
that a substantial portion of the air current (5 per cent or more
would be required to correct the negative error of 1100 cubic feet per
minute) leaked through the sheathing into the area between it and
the entry roof and ribs upstream from 1 + 60 and back into the entry
proper again in the expanding zone of sheathing between 1 + 60 and
2 + 20. Further testing would be necessary to determine this point,
but it should be borne in mind that the leakage quantity in question
is relatively small (5 to 10 per cent of the total quantity) while the
peripheral area without the sheathing is relatively large (30 to 40 per
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FIG. 17. ISOVEL DIAGRAM, TRAVERSE 2 E1 , VERONA MINE
AFTER ALTERATION
cent of the overall cross-sectional area) so that a comparatively slow
movement of air in the outer area would account for a relatively small
quantity. Such a transference of air from inside the sheathing to
outside of it and back again was very noticeable just above and below
a temporary regulator installed later at section 2 + 01.
Inasmuch as the downstream quantities were, with the one ex-
ception noted, lower than the quantities simultaneously determined
upstream, the assumption that there is no leakage out of the aircourse
must be regarded with a good deal of suspicion; and the energy loss
data are vitiated to the extent that this 5 to 6 per cent, or less, short-
age in downstream quantities may very likely represent actual leak-
age rather than errors in quantity measurement. However, in view of
the uncertainty of any corrections that might reasonably be applied
to the energy loss data to compensate for this apparent leakage, it
was thought better to disregard leakage and use the data as they
stand.
Two traverse sections were used east of the shaft, the upstream
one (El at 0 + 12) being located in the sheathed zone one foot down-
stream from the throat of the constriction just inbye the shaft
(Fig. 6), the downstream one (E 2 at 0 + 22.5) being the rectangular
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FIG. 18. ISOVEL DIAGRAM,
TRAVERSE 1 E2, VERONA
MINE AFTER ALTERA-
TION
manway aperture in an old regulator frame. The outlines and tra-
verse points for these sections are shown in the isovel diagrams
(Figs. 17 and 18, respectively). Two traverses were run at each sec-
tion, the gages not being moved for this work, and simultaneous cen-
ter velocity pressure readings were taken at section D 2 to permit an
estimate of the total mine air quantity. The results are listed in
Table 7, and are surprisingly consistent as to the two pairs of quan-
tities at each section, considering the unusual and unfavorable setting
of both traverse sections. The two traverses at section El gave an
average quantity of 13 900 cubic feet per minute, with a difference of
1000 cubic feet per minute, or 7.2 per cent of the mean quantity,
while the two at section E 2 averaged 14 900 cubic feet per minute
(about 7 per cent higher than at Ej) with a difference of 600 cubic
feet per minute, or 4.0 per cent of the mean. The total indicated
mine air quantity is about 37 000 cubic feet per minute under normal
working conditions.
This completes the discussion of the season's quantity determin-
ations, and on the whole it may be said that the results tend to in-
crease the conviction that this method of traversing gives quantities
which are not only fairly consistent but reasonably accurate.
15. Isovels.-As at section C2 (p. 19) the isovel diagrams for sec-
tion D2 are of two types, one for higher quantities, above about 17 000
cubic feet per minute, and another for quantities below about 14 000
cubic feet per minute. There is a further correspondence with section
C2 in that the isovel diagrams for the higher quantities are eccentric
bull's-eyes, while those for the lower quantities have an irregular
vertical stratification. These features are brought out in Figs. 14 to
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TABLE 7
QUANTITIES AT El AND E2, VERONA MINE AFTER ALTERATION
Airflow normal, mine working, Ellison gage
August 10, 1928
(1) (2) (3) (4) (5) (6) (7)
El D2 Quantity at Total Mine
Net Cen. Net Cen. Quantity D2 from Cen. QuantityTraverse Section Vel. Press. Vel. Press. cu. ft. Vel. Press. cu. ft.
in. of water in. of water per min. (see Fig. 9) per minm.
cu.ft.permin.
1 ................. Ei 0.006 0.040 13 400 22 800 36 200
2................. Ei 0.004 0.040 14 400 22 800 37 200
1................. E2 0.005 0.039 15 200 22 400 37 600
2................. E2 0.005 0.041 14 600 23 000 37 600
16 inclusive. Figure 14 represents traverse 2, section D2 at the maxi-
mum quantity of 37 000 cubic feet per minute. While the lines are a
little more regular than those of some of the other D 2 isovel diagrams,
it is typical of the velocity distribution at higher quantities in having
a high-velocity node about subsection f with velocities decreasing
fairly uniformly in all directions therefrom. That this velocity dis-
tribution is by no means a result of the more or less accidental location
of the 16 traverse points represented in Fig. 14 is shown by Fig. 15,
which is quite like Fig. 14 save for the magnitude of the velocities
involved. It represents traverse 25 D2 run with 25 traverse points
under normal idle conditions (air quantity = 23 700 cubic feet per
minute).
The distribution in the lower quantity range is represented by
Fig. 16 which shows the isovels for traverse 9 D2 (air quantity =
12 300 cubic feet per minute). As just stated, there is a roughly
vertical stratification of the isovel lines not seen in the previous dia-
grams, which indicates an essential redistribution of the airflow
throughout the section. A thorough exploration of the state of transi-
tion between these two typical velocity distributions, not only at sec-
tion D2, but immediately above and below it, with accompanying
energy loss determinations, might result in some valuable information
as to the exact nature of the airflow through the transitory stage.
The isovel diagrams for the series of traverses run under normal
working conditions every 20 feet along the sheathed zone (p. 30) were
all of the bull's-eye type much like Figs. 14 and 15 with somewhat
increasing regularity and symmetry farther downstream. This
change is probably due to the cumulative ordering effect the smooth
sheathed zone had on the airflow, in contrast with the disorder in-
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duced by the extreme roughness and irregularity of the preceding
unsheathed entry.
Sections E1 and E2, east of the shaft, gave very unusual isovel
diagrams in that each had its lower velocities near the center sur-
rounded by higher velocities toward the periphery. This effect is
shown in Figs. 17 and 18, representing traverses 2E 1 and 1E2 , respec-
tively. It will be recalled that section E1 is near the downstream end
of a rapidly-contracting funnel of sheathing, the roof coming down
sharply from the edge of the shaft to within a few feet upstream from
the section. The roof and floor profiles are given in Fig. 6, which
together with the plan, cross-sections, and areagraphs gives a good
idea of the extreme irregularity of the entry here. Apparently the
sloping roof just inbye the shaft deflected the air to the floor and sides
in such a way as to leave little opportunity for orderly flow through
the center, as is normally the case.
Somewhat similar conditions were obviously operative at section
E2, but there is a possibility that the apparently low velocities at the
interior of these two sections may be due to an artificial lowering of an
actually high velocity pressure by the impingement of transverse veloc-
ity components into the static ports of the pitot tubes, due to the rush
of air from the wide upstream portion of the entry toward the narrow
central opening of the two sections. Had circumstances permitted it
should have been possible to verify the truth or falsity of this as-
sumption by means of a differential static pressure survey within each
section.
16. Pressure and Energy Losses Prior to Timbering.-During most
of the traversing at section D 2 static pressure differentials were read
between different pairs of the static sections previously discussed and
shown in Fig. 12, all with the entry clear, however. Following this
work, timber sets or other obstructions were placed in the entry in
systematic fashion and additional static pressure drops measured, as
will be shown in detail in the following discussion.
The zone of chief interest in this work is Di-D 3 (Fig. 12) as it is
the longest of those lying entirely within the sheathed zone. Twelve
energy loss determinations were made for this zone at air quantities
ranging from 18 200 to 37 000 cubic feet per minute. Three quantity
determinations were based on center velocity pressure readings at
section D 2 only. The results are shown in Fig. 19, where the energy
loss in foot pounds per minute is plotted logarithmically against air
quantity in cubic feet per minute. This figure also shows the losses in
C 1-C 4 before and after sheathing for purposes of comparison. The
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FIG. 19. ENERGY Loss vs. QUANTITY, VERONA MINE
BEFORE AND ArrFTER ALTERATION
DI-D 3 points are surprisingly scattered in view of the better align-
ment obtained for points on the curve for the unsheathed units, where
irregularities in results might be expected to be more, rather than less,
pronounced. Values of k ranged from 17.0 X 10-10 to 24.0 X 10- 10,
averaging (20.1 ± 0.45) X 10-l". This average value of k, about
20 X 10- 10, is sharply in contrast with values of k obtained prior to
sheathing of about 80 or 90 X 10- 10 on the clear basis, or of about
240 X 10- 10 on the overall basis.
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TABLE 8
ENERGY LOSSES BEFORE AND AFTER SHEATHING, VERONA MINE
Energy losses are in ft. lb. per min.
Quantity
cu. ft. per min.
15 000
1. Energy loss per foot before sheathing (Cr-Cs) from Fig. 11,1
dividing by length = 136.8 ft.............................. 15.2
2. Energy loss per foot after sheathing (Di-D3) from Fig. 19, di-
viding by length - 130.0 ft......................... ...... 7.0
3. Reduction in energy loss per foot (1)-(2) .................... 8.2
4. Per cent reduction in energy loss per foot 100 X (3......... 54
5. Energy loss CI-C 4 before sheathing, from Fig. 19. ........... 4 200
6. Energy loss Ci-Cs after sheathing, from Fig. 19.............. 2 600
7. Reduction in CI-C4 energy losses due to 160 feet of sheathing 1 600
8. Reduction in Ci-C4 energy losses per foot of sheathing- _.... 101600
25 000
72
17
55
76
18 700
11 500
7 200
45
35 000
195
48
147
75
49 000
31 000
18 000
113
A direct comparison of the energy losses before and after alteration
is given in Table 8, which shows a reduction of from about one-half to
three-quarters in the energy loss per unit length of entry as a result of
the alteration, dependent on the air quantity, a higher relative saving
apparently accompanying the higher quantities. The table is self-
explanatory, save that line 8 was intended as a rough check on line 3,
which it apparently fails to be. However, at 15 000 cubic feet per
minute the values for lines 2 and 6 were obtained by extrapolation
(see Fig. 19), and hence are subject to relatively high errors. At the
two higher quantities this relationship is reversed, as might be ex-
pected, inasmuch as energy losses incident to the entrance of the air
into and departure out of the sheathed zone tend to reduce the net
saving in C1-C 4, while they, presumably at least, do not appear in
D 1-D 3.
17. Economics of the Improvement.-A rough estimate of the eco-
nomic features of the alteration may be of interest here. While exact
figures are not available, the cost of this improvement was probably
about $2.50 per foot, and from line 3, Table 8, we find the saving at a
quantity of 25 000 cubic feet per minute, which is nearly.the normal
quantity, to be 55 foot pounds per minute, or 1.24 watts per foot of
entry, which, for 8760 hours per year, gives a saving of 10.9 kilowatt
hours per foot of entry per year. At a power cost of three cents per
kilowatt hour, and assuming the overall efficiency of the fan and driv-
10.9 X 3
ing mechanism as 75 per cent, the saving in power bills is 0.75. '
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FIG. 20. TIMBER SETS IN PLACE IN SHEATHED ZONE, VERONA MINE
BEFORE AND AFTER ALTERATION
or about 43 cents per foot per year. This represents a 17 per cent
return on the expenditure for the improvement, but makes no allow-
ance for maintenance, which would undoubtedly exceed the saving in
power costs, although it might not be any higher after the alteration
than before. If this latter assumption holds true, that is, that main-
tenance costs are not increased by the alteration, then there would
apparently be ample justification for more widespread improvements
of this sort where conditions are naturally very bad in the high veloc-
ity zone of the aircourses, as they are at this mine, and at many, if
not most, others. Furthermore, if, due to the continual expansion of
the mine, it becomes necessary to increase the air quantity, the energy
savings would be much more marked, due to the rapid increase in
power consumption with increasing quantity, while the improve-
ment costs would remain unaffected.
18. Pressure and Energy Losses with Timbers in Sheathed Zone.-
Following this work an extensive series of observations was made with
various arrangements of timbers in the sheathed portion of the entry,
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FIG. 21. ENERGY Loss vs. QUANTITY, TIMBER SETS IN SHEATHED
ZONE, VERONA MINE
quantities being determined at section D2 and static pressure drops
from C1 to C 4, and from D1 to D3. The first series involved the
installation of 33 three-piece timber sets, each consisting of two side
posts and a cross-bar, at two-foot intervals going downstream from
section 1 + 64 to section 2 + 28. This left a clearance of a little over
20 feet between traverse section D2 and the first timber set, which
should assure freedom from the communication to section D 2 of any
disturbances in airflow set up by the timbers. There was also a clear-
ance of over 30 feet between the last downstream timber set (No. 33)
and static section D 3. This is only about 5 or 6 diameters, it is true,
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but such a limited allowance represented a compromise between a
more liberal one and the necessity of putting in an adequate number
of timber sets to give reliable results. The cross-bars were mainly
round timbers 8 to 10 inches in diameter, while some of the posts were
split from such timbers, giving them a semi-circular or roughly tri-
angular cross-section. Others were smaller round timbers which had
been cut with two parallel surfaces to serve as ties in the mine track.
Five of these measured at random averaged 412 x 6 in. in cross-
section. This type was used as center posts in a later group of ob-
servations. The sets were numbered consecutively from the upstream
to the downstream end of the series, the exact locations and the cross-
section diagrams for a number of them being shown in Fig. 12, which
also shows the roof and floor profiles, and the graphs of area and per-
imeter of the mapped cross-sections.
Five simultaneous energy loss determinations were made for units
C1-C 4 and Di-D 3 with the 33 timber sets in place, at quantities
ranging from 13 700 to 33 200 cubic feet per minute. Only one
quantity was determined by traverse, the remainder being based on
center velocity pressure readings at section D 2. The results are
shown in Fig. 21, where the energy loss in foot pounds per minute per
resistance zone is plotted against quantity for each grouping of timber
sets. Additional energy loss determinations were made for units
C1-D3 and D 1-C 4 at normal quantity, and a comparison of the com-
bination of these to give a derived energy loss for Ci-C 4 with the ob-
served energy loss from C 1 to C 4 shows an agreement of within 3 per
cent between the two values.
An analysis of the energy losses due to the presence of the timber
sets is given in Table 9, where the net energy loss due to the timbers is
calculated both from the Ci-C 4 losses (line 6) and the Di-D 3 losses
(line 9). While the results by these two methods disagree with each
other by from 5 to 8 per cent, it must be remembered that they are
based not only on center velocity pressure readings for quantity, but
also on graphical interpolation from the logarithmic energy loss
against quantity charts as well, so the discrepancies apparent between
lines 6 and 9 of the table do not seem to be out of reason. Line 16
shows the pro rata losses for each of the 33 timber sets to be equal to
those due to about 20 feet of the clear sheathed aircourse, as repre-
sented by D1-D 3.
For the next series of tests the even-numbered timber sets were
removed, leaving in place 17 sets at 4-ft. intervals, extending over the
same portion of the aircourse (from section 1 + 64 to section 2 + 28).
These energy losses also are plotted against quantity in Fig. 21. The
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FIG. 22. EFFECT OF VARIED SPACING OF TIMBER SETs
data taken from these curves at 20 000 and 30 000 cubic feet per
minute are presented in Table 9, as were those for 33 sets. Line 12 of
Table 9 shows that the removal of the 8 timber sets has reduced the
net energy loss due to timber sets about 15 per cent, whereas the loss
caused by a timber set has increased from that for about 20 feet of
clear sheathed entry to that due to 35 feet of similar entry (line 17).
The relative loss in the timbered section to that in the clear sheathed
section has decreased from about 6.5 to 5.5 (line 18).
The next alteration was the removal of 8 more timber sets, leaving
in place nine sets (numbers 1, 5, 9, etc.) on 8-ft. centers. Table 9
shows that virtually a 50 per cent reduction in the number of timber
sets (17 to 9) gives only roughly about a 30 per cent reduction (line 12)
in net energy loss due to all timber sets, and that the net energy loss
per timber set is 1.5 times as great as with 33 sets (line 14). Hence
the equivalent length of clear sheathed entry for each timber set in
feet (line 16) is increased, but, due to the longer distance between sets
(8.0 feet on centers) the net energy loss per linear foot of entry per
timber set is decreased (line 17). Finally, the ratio of the energy loss
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FIG. 23. CENTER POSTS IN PLACE IN SHEATHED ZONE
in the sheathed zone with timber sets to that without is reduced from
about 5.5 or 6 to 1 to more nearly 4.5 to 1, incident upon this reduction
in the number of timber sets.
The energy losses with 9 and 5 timber sets are also shown in Fig.
21. In addition it includes a point on each curve (CI-C 4 and Di-D3)
for 3 timber sets and two points for the clear entry after the removal
of the timbers. These points (for clear entry) lie a little above the
corresponding curves for energy loss before the timbers were installed.
This increase in clear-entry losses is probably due to increased rough-
ness of the floor caused by some digging which was done to install
many of the side props. This left the floor appreciably rougher after
the timbers were removed than it had been before they were put in.
The data of lines 13, 16, 17, and 18 of Table 9 for a quantity of
30 000 cubic feet per minute are plotted versus spacing of sets in
Fig. 22. Logarithmic ruling was used simply to compact the plotting
which covers a wide range of ordinates, rather than to bring out any
possible exponential relationships. The net energy loss per timber set
and equivalent length of clear sheathed entry per timber set (curves 13
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FIG. 24. ENERGY LoSS vs. QUANTITY, CENTER POSTS IN
SHEATHED ZONE, VERONA MINE
and 16) both rise with increasing distance between sets. The net
energy loss due to each timber set per foot of entry and the ratio of
relative loss of timbered to clear entry per foot (curves 17 and 18)
both decline with increasing spacing.
In correspondence with the timber set tests a later series of tests
was run with center posts only put in the sections previously occupied
by the three-piece timber sets. The energy losses in C1-C 4 and D1-Da
are plotted logarithmically against quantity in Fig. 24 for 33, 17, 9,
and 5 center posts in place respectively.
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FIG. 25. EFFECT OF VARIED SPACING OF CENTER PosTS
Table 10 corresponds with Table 9 in that it analyzes the energy
losses with center posts just as Table 9 does those with timber sets.
A comparison of the net energy loss due to the posts as derived from
the losses in C1-C 4 and in D1-Ds (lines 6 and 9, Table 10) is not very
assuring, as the former loss is in many cases considerably greater than
the latter. This excess is more marked at the higher quantity
(30 000 cubic feet per minute) not only for the center posts but for the
timber sets as well (see Table 9), which indicates that it may be
largely due to an increased flow of air in the peripheral area behind the
sheathing at higher velocities. This would give rise to comparatively
lower velocities and pressure losses within the sheathing with the
result that the net energy loss due to timbers computed from the
D1-D3 static pressure drop would be less than that computed from the
C1-C 4 static pressure drop, the airflow at these latter sections being
unaffected by changes of flow within and without the sheathing.
Line 10 of Table 10 shows that the average net energy loss due to
posts only decreases with decreasing number of posts for both air
quantities (20 000 and 30 000 cubic feet per minute) as is, of course,
to be expected. The relative loss with respect to the losses incident
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to the presence of 33 posts is given in line 12. It ranges from about
20 per cent with 4-ft. centers to 60 per cent with 16-ft. centers.
However, the net energy loss per post due to posts rises with decreas-
ing number of posts as is evident from line 13. This is plotted in
Fig. 25 which corresponds to Fig. 22 for timber-set data. Line 14 of
Table 10 shows the relative increase in the net loss due to each post
with respect to that with 33 posts in place. It ranges from about a
50 per cent increase with 17 posts in place to 3 times as great an in-
crease (150 to 160 per cent) with only 5 posts in place.
The equivalent length in feet of clear entry like D1-D 3 for each
post, as a producer of energy losses, is given in line 16 and plotted in
Fig. 25. It more than doubles in magnitude from about 13 feet for
posts on 2-ft. spacing to about 35 feet for posts at 16-ft. centers (5
posts).
The net energy loss occasioned by each post per foot of aircourse is
given in line 17, and shown in Fig. 25, where it is represented by a
curve sloping downward from a net energy loss of 200 foot pounds per
minute per foot of entry for posts on 2-ft. centers, to one of 65 foot
pounds per minute per foot of entry for posts on 16-ft. centers, at
30 000 cubic feet per minute. That is to say, that while the absolute
net energy loss occasioned by each post (line 13) increases with in-
creasing spacing of posts, the net energy loss per foot of entry de-
creases due to a relatively much more rapid increase in spacing than
in absolute net energy loss per post. Finally, the ratio of loss per foot
with posts to loss per foot of clear entry (line 18) drops from about
4.5 with 2-ft. spacing to less than 2.5 with 16-ft. spacing (see Fig.
25 also). It is this last item which shows clearly in both Tables 9
and 10 the increasingly, bad effects of added obstructions in an air-
course. The fact that this ratio runs about 50 per cent higher for
timber sets (Table 9) than for center posts (Table 10) with fair con-
sistency from 2-ft. to 16-ft. spacing, indicates the relative merits,
or better perhaps, demerits, of the two methods of timbering in so far
as airflow is concerned.
V. SUMMARY AND CONCLUSIONS
19. Summary and Conclusions.-Quantities and static pressure
drops were measured, by methods previously developed, in irregular
entries timbered with three-piece sets in two different mines.
As in the past, duplicate velocity pressure traverses in some sec-
tions very unfavorably situated in irregular entries gave quantities
checking within a few per cent of each other, no very serious dis-
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crepancies being encountered throughout the work which was done
over a three to four-fold range in mean velocities.
As for the distribution of velocities within a section, there was a
tendency for each section to have two typical distributions, as shown
by isovel diagrams; one an eccentric bull's-eye at higher quantities,
the other having a rough vertical isovel stratification at lower quan-
tities.
The difficulty of satisfactorily expressing the results of pressure or
energy loss measurements for entries of this type has been pointed out,
and the plan of expressing k on the basis of both the average dimen-
sions of the entry proper outside of the timbers (overall) and the
average dimensions inside the timbers (clear) was arbitrarily chosen,
it being recognized that both methods have some advantages. The
principal results obtained were as follows:
(1) Based on the clear dimensions ko was found to be about
90 X 10- 10 for both mines, which is in fair agreement with a kc of
80 X 10-10 reported by the United States Bureau of Mines for
entry similarly timbered. On the overall basis k was less con-
sistent from one resistance zone to another, ranging from about
150 X 10- 10 to 250 X 10-1 0. It averaged about 50 per cent
higher at one mine than at another, presumably due to greater
relative difference in overall and clear dimensions. The corre-
sponding values of kc averaged but about 10 per cent higher.
(2) The net pressure and energy losses due to a combined
70 deg. bend and dead end, and to an undercast, were computed.
The pressure loss due to the former was about 1.7 times the veloc-
ity pressure and its energy loss equivalent to the energy loss in
about 20 to 30 feet of straight timbered entry. The net energy
loss due to the undercast was found to be equal to that of about
40 feet of such entry.
(3) It was found that sheathing the inside timber surfaces of
about 160 feet of entry reduced the energy losses in that length
from one-half to three-quarters, dependent on the air quantity,
the higher relative savings accompanying the higher quantities.
(4) At the low quantities prevailing in this aircourse, it is
estimated that the annual saving in power costs incident to the
lowered resistance to airflow of the sheathed entry is about 15 to
20 per cent of the cost of the improvement. From this is to be
deducted any increase in the cost of maintaining the aircourse due
to the alteration. However, at the higher velocities which are
frequently encountered in such aircourses, there would be a
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marked increase in the saving, which would probably more than
offset any increased cost of maintenance.
(5) Retimbering the sheathed zone with three-piece timber
sets and with center posts at different spacings increased the
energy losses over those of the untimbered sheathing markedly.
It was found that, while at a given air quantity the net energy loss
due to each timber set or post increased with increased spacing
between timber sets or posts, the energy loss of an entry obstruct-
ed with timber sets or posts relative to that of an equal length
of unobstructed sheathed entry decreased with increased spacing
between obstructions. This is due to the fact that the net energy
loss occasioned by each obstruction increased relatively less rapid-
ly than did the spacing between obstructions. Neither the in-
stallation of the sheathing nor its subsequent retimbering had any
noticeable effect on the quantity.
The work represented in this report supplements the results of
previous investigations in supplying information as to the losses in
closely timbered entries, the energy saved by smoothing up such an
entry, and the losses caused by three-piece timber sets and center
posts placed on various centers.
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by A. C. Callen and C. M. Smith. 1928.
Bulletin 199. The Measurement of Air Quantities and Energy Losses in Mine Entries, Part IV:
by C. M. Smith, 1929.
For the following Bulletins address Chief, State
Geological Survey Division, Urbana, Illinois:
*Bulletin 1. Preliminary Report on Organization and Method of Investigations.
*Bulletin 3. Chemical Study of Illinois Coals: by S. W. Parr. 1916.
*Bulletin 10. Coal Resources of District I (Longwall): by G. H. Cady. 1915.
Bulletin 11. Coal Resources of District VII: by Fred H. Kay. 1915. Price, $1.00.
Bulletin 14. Coal Resources of District VIII (Danville): by Fred H. Kay and K. D. White. 1915.
Price, 75 cents.
Bulletin 15. Coal Resources of District VI: by G. H. Cady. 1916. Price, 75 cents.
*Bulletin 16. Coal Resources of District II: by G. H. Cady. 1917.
Bulletin 17. Surface Subsidence in Illinois Resulting from Coal Mining: by Lewis E. Young.
1916. Price, 25 cents.
Bulletin 18. Tests on Clay Materials Available in Illinois Coal Mines: by R. T. Stull and R. K.
Hursh. 1917. Price, 50 cents.
Bulletin 19. Coal Resources of District V: by G. H. Cady. 1919. Price, 75 cents.
*Edition exhausted. May be found in public, technical, or university libraries.
fThe U. S. Bureau of Mines withdrew from this agreement, January 1, 1926.
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Bulletin 20. Carbonization of Illinois Coals in Inclined Gas Retorts: by F. K. Ovitz. 1918.
Price, 25 cents.
Bulletin 21. The Manufacture of Retort Coal-Gas in the Central States Using Low-Sulphur
Coal from Illinois, Indiana, and Western Kentucky: by W. A. Dunkley and
W. W. Odell. 1918. Price 25 cents.
*Bulletin 22. Water-gas Manufacture with bentral District Bituminous Coals as Generator Fuel:
by W. W. Odell and W. A. Dunkley. 1918.
Bulletin 23. Mines Producing Low-Sulphur Coal in the Central District: by Gilbert H. Cady.
1919. Price, 25 cents.
Bulletin 24. Water-gas Operating Methods with Central District Bituminous Coals as Generator
Fuel, a Summary of Experiments on a Commercial Scale: by W. A. Dunkley and
W. W. Odell. 1919. Price, 25 cents.
Bulletin 25. Gas Purification in the Medium-size Gas Plants of Illinois: by W. A. Dunkley and
C. E. Barnes. 1920. Price, 25 cents.
Bulletin 26. Coal Resources of District IV (Peoria-Springfield): by G. H. Cady. 1921. Price,
75 cents.
Bulletin 27A. Analyses of Illinois Coals: compiled by G. W. Hawley. 1923. Price, 25 cents.
Bulletin 28. Preliminary Report on Coal Stripping Possibilities in Illinois: by Harold E. Culver.
1925. Price, 60 cents.
Bulletin 29. Coal Resources of District III (Western Illinois): by Harold E. Culver. 1925. Price,
50 cents.
Bulletin 30. Coal Losses in Illinois: by C. A. Allen. 1925. Price, 25 cents.
Bulletin 31. Coal Stripping Possibilities in Southern and Southwestern Illinois: by G. H. Cady.
1927. Price, 60 cents.
Bulletin 32. Coal Stripping Possibilities in Saline and Gallatin Counties Near Equality: by Lloyd
G. Henbest. 1929. Price, 25 cents.
For the following publications address Director, U. S. Bureau of Mines, Washington, D. C.,
unless the free edition is exhausted, in which case they are obtainable only through the Superin-
tendent of Documents, Goverment Printing Office, Washington, D. C.
*Bulletin 72. Occurrence of Explosive Gases in Coal Mines: by N. H. Darton. 1915.
*Bulletin 83. The Humidity of Mine Air: by R. Y. Williams. 1914.
tBulletin 99. Mine Ventilation Stoppings: by R. Y. Williams. 1915. Price, 10 cents.
tBulletin 102. The Inflammability of Illinois Coal Dusts: by J. K. Clement and L. A. Soholl, Jr.
1916. Price, 15 cents.
tBulletin 137. Use of Permissible Explosives in the. Coal Mines of Illinois: by James R. Fleming
and John W. Koster. 1917. Price, 20 cents.
tBulletin 138. Coking of Illinois Coals: by F. K. Ovitz. 1917. Price, 20 cents.
Bulletin 203. Central District Bituminous Coals as Water-gas Generator Fuel: by W. W. Odell
and W. A. Dunkley. 1924.
Bulletin 234. The Screen Sizing of Coal, Ores and Other Minerals: by E. A. Holbrook and Thomas
Fraser. 1924.
Bulletin 238. Subsidence Due to Coal Mining in Illinois: by C. A. Herbert and J. J. Rutledge.
1924.
tTechnical Paper 246. Water-gas Apparatus and the Use of Central District Coal as Generator
Fuel: by W. W. Odell. 1921. Price, 5 cents.
tTechnical Paper 268. Preparation and Uses of Tar and its Simple Crude Derivatives: by W. W.
Odell. 1922. Price, 15 cents.
tTechnical Paper 284. Coal and Coke Mixtures as Water-Gas Generator Fuel: by W. W. Odell.
1921. Price, 10 cents.
Technical Paper 304. Water-gas Tar Emulsions: by W. W. Odell. 1923.
Technical Paper 326. Fires in Steamship Bunker and Cargo Coal: by H. H. Stoek. 1923.
Technical Paper 330. Small Hose Streams for Fighting Mine Fires: by L. D. Tracy and R. W.
Hendricks. 1924.
Technical Paper 332. Conditions Affecting the Activity of Iron Oxides in Removing Hydrogen
Sulphide from City Gas: by W. A. Dunkley and R. D. Leitch. 1924.
Technical Paper 335. Bituminous Coal as Generator Fuel in Large Water-gas Sets with Waste-
Heat Boilers: by W. A. Dunkley. 1925.
Technical Paper 361. Cleaning Tests of Illinois Coals: by Thomas Fraser and H. F. Yancey. 1925.
*Edition exhausted. May be found in public, technical, or university libraries.
tObtainable only through the Superintendent of Documents, Washington, D. C. Copies may be
found in public, technical, or university libraries.
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